A B S T R A C T High speed oscilloscopic recordings (4000 mm/sec) of left ventricular pressure (micromanometer) and its first derivative were used to calculate contractile element velocity (Vce) during the isovolumic period of auxotonic beats in anesthetized dogs. At 0.5-2.0 msec intervals of isovolumic systole, Vce was derived as (dP/dt)/kP, where k = 24 cm-'. Plots of Vce and P yielded inverse curves from peak Vce to aortic valve opening pressure which averaged 27 msec in controls, and 11 msec during norepinephrine administration. Extrapolated Vmax, in muscle lengths/second, averaged 3.6 (controls), 3.6 (volume load), and 6.6 (norepinephrine). In each experimental state, Vmax was also determined from force-velocity relations of isovolumic beats (abrupt aortic occlusion) analyzed at 10 msec intervals from conventional pressure recordings.
INTRODUCTION
The contractile state of the myocardium can be characterized by the instantaneous relationship between developed force and contractile element velocity, provided that information regarding muscle length and time are
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Received for publication 3 March 1970 and in revised form 1 February 1971. known. Although this concept was developed from studies of isolated skeletal muscle (1) , its application to papillary muscle (2, 3) and subsequent extension to the intact heart (4-6) has reoriented the physicians' search for a sensitive and easily measurable index of the contractile state of the myocardium.
Podolsky (7) has suggested that the rate at which energy is released at the force-generating sites within the sarcomere of heart muscle determines the contractile state, and that the mechanical equivalent of this rate constant is the velocity of the unloaded contractile element (Vmax). In studies of papillary muscle, changes in the inotropic state have been identified with changes in Vmax (2, 3, 8) and the ability to examine high velocities at small loads in these experiments has permitted Vmax to be determined with considerable accuracy. In the intact heart, Vmax has been derived from instantaneous force-velocity relations of both auxotonic and isovolumic beats (5, 6, 9) . In the case of auxotonic systoles, however, these analyses require elaborate methods for measuring instantaneous dimensions of the heart and necessitate calculations of wall stress. Analysis of isovolumic beats, while simpler and less subject to error, is not applicable to human study.
Recently, Mason (10) obtained Vmax from auxotonic systoles by extrapolation of a plot of contractile element velocity (Vce)' and pressure during the isovolumic period. The advantages of this technic are that only a single high fidelity catheter system is required, and measurements of ventricular dimensions and wall thicknesses are not necessary. The major disadvantage of this method lies in the fact that the segment of the isovolu-'Abbreziations used in this paper: AOP, aortic pressure; AVO, aortic valve opening; IIP, integrated isometric pressure; LV, left ventricle; LVP, left ventricular pressure; (max dP/dt), maximum rate of pressure change; P, pressure; PIP, peak isovolumic pressure; Vce, contractile element velocity. In isovolumic beats, plots of Vce and pressure were constructed at 10 msec intervals from the onset of left ventricular pressure rise to maximum isovolumic pressure, using photographic recordings (Electronics for Medicine) at paper speeds of 200 mm/sec. The shape of the inverse curve constructed from both auxotonic and isovolumic beats was concave upwards and varied from almost linear inverse relationships to shallow concave curves. For this reason, extrapolation of the curve to the velocity axis was accomplished by hand and consisted of a smooth extension of the best line drawn through the coordinates of the inverse relationship of Vce and pressure.
In an effort to test the validity of manual extrapolation in the present study, all curves were reexamined and the measured pressure-velocity coordinates subjected to least squares analysis. In this manner, each Vmax extrapolated manually was compared to that calculated mathematically from curve analysis using a linear equation and a polynomial equation of the second degree. The average value for Vmax derived by manual extrapolation was slightly higher than that calculated mathematically from a linear equation (4.4 +0.23 SEM and 3.9 ±0.29 lengths/sec respectively). However, a very high correlation was observed between these two methods of extrapolation (r = 0.95, P < 0.001). When Vmax was calculated using the polynomial analysis of the measured coordinants of pressure and velocity (y = a + bx + viding the numerator by the aortic end-diastolic pressure in millimeters of mercury. The integrated isometric pressure (IIP) was calculated as one-half the product of the isovolumic period, in seconds, and the aortic end-diastolic pressure, in millimeters of mercury. Since this expression assumes a constant isovolumic dP/dt, IIP is only approximated by this method of calculation. The second derivative of left ventricular pressure was determined arithmetically to identify the time at which max. d2P/dt2 was achieved. All data are presented as mean ± standard error of the mean and the Student's t test was used in the analysis of paired and unpaired data. RESULTS Determination of Vmax. A high speed oscilloscopic recording of isovolumic left ventricular pressure and its time derivative is shown in Fig. 1 A. For comparison, the same events recorded at conventional speeds (200 mm sec) are shown in Fig. 1 B. Using the high speed recordings, plots of Vce vs. P were constructed at 0.5-2.0 msec intervals of isovolumic systole as illustrated in Fig.  2 A. Vmax was then determined by extrapolation to zero P. Additionally, in each state, isovolumic beats were produced by abrupt aortic occlusion and Vce vs. P plots constructed at 10 msec intervals from conventional slow recordings ( Fig. 2 B) .
In 35 experimental states (nine animals), Vmax from auxotonic systoles correlated well with Vmax derived from isovolumic beats (r = 0.88), and the mean of the former was only 4.5% higher than that of the latter (Fig. 3) Fig. 4 . The electro-mechanical delay, timed from the beginning of the QRS to the onset of left ventricle (LV) pressure rise, was 26.1 ±4.1 msec and was not altered by norepinephrine. The isovolumic period averaged 61.1 +2.3 msec and was reduced to almost half this value by norepinephrine administration. Peak Vce always occurred before maximum dp/dt, preceding the latter by an average of 13.9 +2.5 msec in control studies. Maximum dp/dt was observed 70.5 +5.3 msec after inscription of the QRS, and this was shortened to 52.9 ±1.9 msec by norepinephrine. In every instance maximum dp/dt was noted before aortic valve opening, preceding it by an average of 12.1 ±1.9 msec in the control state. The duration of the inverse plot of Vce and P (from peak Vce to aortic valve opening) averaged 26.8 ±2.7 msec in control studies and was sharply reduced by norepinephrine administration to 11.1 +3.3 msec. Shortening of the isovolumic period by norepinephrine was more pronounced in the interval after peak Vce (-59%) than in the interval preceding peak Vce (-39%).
In 10 experimental states, the second derivative of left ventricular pressure was plotted against time. In each instance, peak Vce was clearly defined and fell on the inverse Vce-pressure curve. The peak calculated d2p/dt2 occurred 2.4 +.9 msec before the time of peak Vce.
Indices of contractility. Correlations between Vmax, determined from auxotonic systoles and eight other indices of contractility were examined. Equally good correlations were observed between Vmax and peak Vce (max dP/dt)/24 P, (max dP/dt)/PIP, (max dP/dt)/ HIP, and max dP/dt (r = 0.84-0.87). Less good correlations were found between Vmax and the preejection time intervals: time to max dP/dt, the isovolumic contraction period, and the duration of the inverse Vce-pressure curve (r = 0.70, 0.77, and 0.63 respectively).
The failure of this statistical analysis to discriminate between the above indices of contractility is best demonstrated by examining the effect of changes in ventricular preload and inotropic state separately. In these studies, heart rate was maintained constant by atrial pacing. As shown in Fig. 5 , volume loading produced no significant change in Vmax, (max dP/dt)/24 P, and (max dP/dt)/PIP. On the other hand, significant increases in max dP/dt (+ 61%) and (max dP/dt)/IIP (+ 38%)
were observed without change in the contractile state (P < 0.001 and P < 0.05 respectively). Control left ventricular volume averaged 41 cc (range 27-54 cc). The volume increase produced in these studies averaged During norepinephrine administration Vmax increased 62% and an almost identical increase in (max dP/dt)/ 24 P was observed. DISCUSSION Recent efforts to assess the contractile state of the left ventricle in intact animals or humans have involved, for the most part, measurements of single, instantaneous force-velocity relations during the isovolumic period or during the period of ejection. By means of cinefluoroscopy of metal clips sewn to the ventricle at the time of cardiac surgery, Glick, Sonnenblick, and Braunwald (13) measured fiber shortening rate at an instant when series elastic velocity was felt to be insignificant and analyzed pressure-velocity relations at a constant fiber length in a given subject. This technic has been found useful in demonstrating the inotropic effect of digitalis in the nonfailing human heart (14) . While these methods are useful in examining changes in the contractile state of a given heart, if one is to compare one heart to another, it is necessary to normalize the myocardial force which exists at the moment that Vce is measured. This requires an accurate technique for measuring left ventricular volume and mean wall thickness, as well as an assumption regarding the geometry of the ventricle. Using catheter-tip micromanometers and cineangiographic technics for measuring ventricular volume and wall thickness, Gault, Ross, and Braunwald (15) derived myocardial wall stress (force/unit cross-sectional area of muscle) and Vce in patients with and without myocardial disease. Although normalized values for force and velocity are obtained by these methods, single values in a given patient cannot characterize reliably the contractile state of the heart. Since any given relationship between Vce and stress provides a single point on the force-velocity curve of that systole, it it not possible to determine Vmax without knowing more about the shape of the force-velocity curve.
Although Vmax cannot be measured directly, determination of this intercept of the force-velocity curve is particularly desirable not only because it provides an accurate means of characterizing the contractile state of myocardium, but because it is in itself independent of ventricular dimensions, wall thickness, and load. This view, however, has recently been challenged by Noble, Bowen, and Hefner (16) . Studying cat papillary muscle by quick release force-velocity relations, these workers found that Vmax was indeed length dependent. Because of this observation an effort was made in the present study to examine the effect of abrupt changes in fiber In seven experiments where abrupt evacuation of 10-15 cc of blood was accomplished, extrapolated Vmax of the control beat and the reduced preload beat was 3.8 and 3.9 lengths/sec respectively (P = NS). These reductions in preload were associated with a fall in max dP/dt of 15-30%. Thus, using the methods described, changes in Vmax could not be detected when diastolic volume was abruptly lowered. It should be noted that Vce in all these experiments has been calculated on the basis of total pressure generated by the heart and assuming a two-component model for heart muscle. In a recent, poignant critique of the measurement and interpretation of Vmax, Pollack has emphasized the importance of parallel elasticity in calculating Vce in cardiac muscle (17 (21) .
Despite these considerations, in a study of forcevelocity relations throughout the isovolumic and ejection periods of subjects with aortic stenosis, Vmax was obtained by extrapolation of the inverse curves and found to correlate with other indices of left ventricular failure (22) . More recently, Mason (10) has reported that Vmax may be extrapolated from measurements of Vce and pressure obtained during the isovolumic period only. While the potential advantages of this approach are obvious, there are a number of important limitations which should be stressed. Firstly, since this analysis depends upon a truly isovolumic period, it is not applicable in the presence of mitral regurgitation, ventricular septal defect, or ventricular aneurysm. Secondly, the segment of the inverse curve used to extrapolate Vmax is brief, averaging 27 msec in control states and only 11 msec during norepinephrine administration. Using conventional recording technics, accurate measurements of instantaneous dp/dt and P are extremely difficult during this phase of systole, and measurements made at 5 msec intervals may provide no more than two to three points from which to extrapolate Vmax. The high speed recordings employed in the present study resolve some of these difficulties, and the values of Vmax obtained by this method correlated well over a wide range with those derived from analyses of isovolumic contractions of the left ventricle (Fig. 3) .
The values for Vmax found in this study are three times higher than those reported in humans by Mason (10) . While the faster heart rates in our canine studies may be responsible for higher values of Vimax, a more important factor is the constants used to express the series elasticity of heart muscle. In Mason's study, Vce was derived as (dP/dt)/kP + C, where k = 40 cm1/cm muscle length and C = 80 g/cm2. These figures represent the values found by Parmley and Sonnenblick in the isolated cat papillary muscle at 30'C (23). It has been shown subsequently that series elasticity is a function of temperature and that the modulus k falls from 40 to 32 cm'1 as the temperature is increased to 370C (24) . In addition, there is reason to believe that the series elasticity measured in the intact ventricle is less than that of isolated heart muscle. Forwand, McIntyre, Lipana, and Levine (12) reported that average modulus of series elasticity of the intact dog left ventricle was only 24 cm-'/cm of muscle length, and this value was used to calculate Vce in the present study. Parmley and Sonnenblick (23) have also shown that series elasticity is a function of preload and that increasing sarcomere lengths increases the value of the dF/dl intercept of the linear plot of dF/dl and F, when F was calculated as developed tension. When total tension is calculated, however, it can be seen that series elasticity is not influenced by changes in preload (25) . Thus, in calculations of Vce during the isovolumic contraction period, it is expected that series elasticity will not be influenced by changes in preload as long as force or pressure is measured from a true zero reference. While the manner with which the load is transferred from the parallel to the series elastic component is not fully understood, it is likely that the influence of the dF/dl intercept upon the series elasticity during the second half of the isovolumic period is quite small. This constant also is diminished by increasing temperature and at 370C has been found to be only 20 g/cm2 (24) . Although this constant has been assumed to be zero in the present calculations of Vce, its contribution to series elasticity will be progressively greater at lower values of isovolumic pressure.
A more important problem in the measurement of Vmax by this method concerns potential variations in the functional series elasticity of the diseased heart during the isovolumic contraction period. Although it has been shown that inotropic interventions do not affect series elasticity (8) and that both hypertrophy and myocardial failure do not influence the modulus of series elasticity (25) , the extent to which mechanical asynergy may produce changes in active stiffness of the ventricle is not known. This consideration assumes importance, particularly in studies of the diseased human heart, since it has been shown that the functional series elasticity of the ventricle is decreased by experimental left ventricu-lar aneurysm (12 Mason and his associates maintain that max dP/dt "generally occurs at the maximum isovolumic pressure of ejecting beats" (30) , and Wildenthal, Mierzwiak, and Mitchell (31) found that max dP/dt occurred at or within 5 msec before aortic end-diastolic pressure. The latter workers reported that abrupt elevations of aortic pressure between two ventricular beats generally increased max dP/dt and delayed the time at which max dP/dt was achieved in the afterloaded beat. They concluded that aortic valve opening tends to limit max dP/dt. In the present study, max dP/dt of single isovolumic beats was generally identical with that of the preceding auxotonic beat and a similar experience has been reported by others (6, 32) . It should be noted that in the studies of Wildenthal et al., an air pump was used to elevate aortic pressures and central pulse pressures were unusually wide at the heart rates studied. Although aortic valve opening was not found to limit max dP/dt in the present study, the observations of (Fig. 5) . While max dP/dt itself is extremely sensitive to alterations in contractile state, it is influenced considerably by changes in fiber length. As these animals had intact baroreceptors, it is possible that volume loading did produce some alteration in contractile state despite a controlled heart rate. If such were the case, however, the effect was too subtle to be measured in these experiments.
The use of (max dP/dt)kP as an index of contractility warrants several considerations. Firstly, identification of the exact pressure which exists at max dP/dt is extremely difficult with conventional pressure recordings. Furthermore, in the present study, all animals had normal left ventricles and, therefore, the good correlation between Vmax and (max dP/dt)kP may have been due to the fact that significant variations in wall stress at a given Vce were not encountered in each experimental state.
The expression (max dP/dt)/PIP has the advantage that it may be measured with considerable accuracy from conventional pressure recordings. In a study of subjects with normal and abnormal left ventricles, Frank and Levinson (33) measured max dP/dt and PIP both at rest and during exercise. Calculated from their data, (maximum dP/dt)/PIP identified quite well those patients with myocardial failure. They suggested, however, that this expression be further divided by left ventricular end-diastolic circumference and by doing so achieved a clearer separation of the failing and non-failing heart. Since the failing heart generally has a larger end-diastolic circumference, this finding is predictable. However, the index proposed by Frank and Levinson does not have units of normalized velocity, since (max dP/dt)/PIP is already normalized for fiber length (vide supra). Nonetheless, while their index does require measurement of ventricular volume, it appears to be useful in identifying myocardial failure in the human heart.
In addition to the limitations mentioned above, a further problem is encountered by substituting peak iso-volumic pressure for the instantaneous pressure which exists at max dP/dt. In the present study (max dP/dt)/ PIP provided a fair indication of changes in Vmax although less favorable than that found with (max dP/dt)/kP. This suggests that the ratio of P at max dP/dt to PIP was reasonably constant in these experiments. Nonetheless, it may be expected that in patients with aortic valvular disease and low peak isovolumic pressures, this ratio may be quite abnormal. The supernormal values for (max dP/dt)/PIP reported in patients with aortic stenosis (33) are high in part by virtue of a low PIP. In addition, a higher velocity measurement is to be expected at a given pressure in the hypertrophied ventricle, where a given value of pressure is shared by a greater number of sarcomeres in parallel and thus wall stress is reduced. Without invoking a change in the contractile state, the velocity measured at this pressure will be higher since each sarcomere is relatively less loaded.
In summary, using high speed recordings of isovolumic pressure and its first derivative, Vmax may be determined in auxotonic beats by extrapolation of a plot of Vce and pressure. While single measurements of isovolumic Vce are of some use in characterizing the contractile state of the normal ventricle, estimation of Vmax eliminates the problem of variations in wall stress and provides an absolute reference scale for assessing the the contractile state of the heart assuming that series elasticity is constant. When practical methods for measuring the series elasticity of the diseased heart becomes available, the extent to which passive elements within the ventricle influence the contractile process can be examined more thoroughly.
